Abstract: We present a study of Aflatoxin M1 detection by photonic biosensors based on Si3N4 Asymmetric MachZehnder Interferometer (aMZI) functionalized with antibodies fragments (Fabʹ). We measured a best volumetric sensitivity of 10 4 rad/RIU, leading to a Limit of Detection below 5x10 -7 RIU. On sensors functionalized with Fabʹ, we performed specific and non-specific sensing measurements at various toxin concentrations. Reproducibility of the measurements and re-usability of the sensor were also investigated.
I. INTRODUCTION
In recent years, integrated optical sensors have shown very promising results for label-free detection [1] . Even if Surface Plasmon Resonance (SPR) is the most commonly used technique for label-free analysis [2] , devices like ring resonators [3, 4] and Mach-Zehnder interferometers [5] are showing high sensitivities and miniaturization abilities, which allow realizing a complete lab-on-chip device [6] .
We are here interested in a biosensor for a fast and comprehensive detection of Aflatoxin M1 (AFM1) in milk. In fact, the AFM1 mycotoxin is a milk contaminant and a potent carcinogen substance that is regulated by the European Commission (EC No. 1881/2006). At present, the level of AFM1 in milk is analyzed using screening tests like Enzyme-Linked ImmunoSorbent Assay (ELISA). In addition, High-Performance Liquid Chromatography is needed when samples show suspect concentration of AFM1. The combination of these analyses is expensive, timeconsuming and bulky.
The sensor, which we are here proposing, is based on an asymmetric Mach-Zehnder Interferometer (aMZI), with silicon nitride (Si3N4) as core material and SiO2 as cladding material. They are fabricated by standard CMOS processing and can be assembled with fluidics in a compact package. The basic idea behind the sensor is that the interference at the output of an aMZI is affected by the phase difference between the light which travels along the two interferometer arms. By opening a window in the SiO2 and exposing one of the two arms to an analyte, the change in the refractive index in the window region is measured as an interference fringe shift in the aMZI output signal. From the fringe shift, the phase shift suffered by the light that travels in the exposed arm can be determined. From the phase shift, the change of the refractive index is measured, i.e., the sensor can sense the analyte. The Mach-Zehnder interferometer is made asymmetric by the addition of a small path length difference between both arms. This difference in path length, results in a wavelength dependency of the output phase. Scanning the aMZI over a small bandwidth results in a phase plot of which the phase shift, due to a refractive index change, can be monitored with high accuracy.
One key point of a biosensor is its specificity. In order to develop a biosensor specific to the detection of AFM1, a functionalization process based on antigen-binding fragments (Fabʹ) was applied on the aMZI surface. One benefit of using antibodies is the extreme specificity associated with their antigen binding sites [7] . The immobilization of antibodies includes whole antibodies, F(ab)2, and Fabʹ fragments. Antibodies need to be immobilized in a controlled and oriented fashion, in order to maximize the number of available antigen-binding sites and prevent surface degradation. Although significant progress has been made with whole antibody immobilization, methods for the immobilization of Fabʹ fragments have become relevant especially for biosensor development [8] [9] [10] . Fabʹ fragment immobilization offers several benefits over whole antibodies. Firstly, bound Fabʹ fragments are able to maintain a higher amount of binding sites per unit area compared to whole antibodies due to their smaller size. Moreover, Fabʹ fragments are immobilized easily in an oriented conformation via the nucleophilic sulfide near their C-terminals. The characteristics of Fabʹ fragments make them ideal candidates for biosensing, also because the currently well-
Experimental Setup
To characterize the sensors, we used a fiber array to waveguide alignment setup where a 12 fiber array unit with 250 micron pitch between the fibers is placed on multiaxis piezo-controlled translation stages. The light signal polarization is controlled by a two-paddle polarization controller. An optical microscope coupled to a visible/IR camera is used for alignment and imaging. For the detection, we connected the fibers to Si transimpedance amplified photodetectors interfaced to a PicoScope 4824 (an 8 channel USB oscilloscope). Finally, a ULM850-B2-PL VCSELs from Philips Technologies GmbH U-L-M Photonics connected to a single mode visible fiber is used as light source. Wavelength variation is achieved by current tuning the VCSEL with a periodic current ramp which also triggers the time scan of the oscilloscope. In this way, a wavelength scan of the four aMZI output waveguides is recorded by the oscilloscope and transferred to the control computer. The data are analyzed online by an automatic routine to extract the time dependent phase shift signal of each four aMZI. At the end, a live recording of the phase shift of the signal light propagating in the four aMZI is achieved with a VCSEL modulation frequency of 20 Hz, and a data acquisition of 50,000 points per spectrum. For sensitivity and sensing measurements, the chip is sealed on a homemade polydimethylsiloxane(PDMS) microfluidic flow cell with a volume chamber of less than 0.5 µL connected to a VICI M6 liquid handling pump.
III. RESULTS AND DISCUSSION

Optimization of the Functionalization Process
The Fabʹ density on the silanized Si3N4 flat surfaces was optimized incubating different concentrations using the protocol reported in Section 2.2. After immobilization, the surfaces were incubated with an HRP-conjugated Aflatoxin M1 (AFM1-HRP) stock solution diluted 80 times in 50mM MES buffer pH 6.6 for one hour, washed twice in buffer and transferred to a black microplate, where the developer solution was added. HRP in presence of a suitable substrate develops a chemiluminescence signal that can be easily detected. After five minutes incubation, the signal was recorded with a ChemiDoc MP system (Biorad). Figure 2a shows the chemiluminescence signal generated by AFM1-HRP immobilized on functionalized surfaces as a function of the Fabʹ concentration. The immobilization protocol described in Section 2.2 was applied, incubating the Fabʹ solution for 2 min before PEG addition. No signal is recorded on the PEG passivated surface (without Fabʹ solution, data not shown). Fitting the data with a Langmuir equation that describes the adsorption of molecules on a surface, it is possible to determine the surface saturation. A 0.33 _M Fabʹ concentration was selected for the following experiments.
In order to optimize the functionalization process, Fabʹ are immobilized changing the incubation time from 2 to 60 min before PEG addition. The delayed addition of PEG after Fabʹ immobilization is crucial in gold surface functionalization since it prevents a wrong Fabʹ orientation [11] while on mercaptosilanized surfaces, we have demonstrated that this is not true. As reported in Figure 2b , in fact, no significant variation in the AFM1-HRP detection is observed, suggesting that 2 min of delay in the PEG addition is enough to obtain a good Fabʹ orientation, although no significant effect in the antigen recognition is observed.
Sensing Measurements
In order to define the performances of our photonic sensors, we characterized the volume Sensitivity (S) of the uncovered aMZI. To calculate this parameter, we monitored in real-time the phase shift of the aMZI, as one arm of the sensor was exposed to glucose-water solutions of various concentrations. Similar experiments were already performed by our group on ring resonators, and more details on this experiment are available in [15] . Figure 3 represents the phase shifts as a function of the bulk refractive index variations measured simultaneously on three aMZI. We note that adding the glucose-water solution causes a significant phase shift which is similar for the three sensors on the chip. The initial phase is recovered when only water is flown. From the relation between the glucose concentration (i.e., refractive index of the cladding liquid) and the phase shift, we deduced the sensitivity. We found sensitivity of 10,600 rad/RIU with an error of 3%. If we define the limit of detection (LOD) as the minimum input quantity that can be distinguished with more than 99% fidelity, then LOD = 3 σ/S, where σ is the output uncertainty, given as the measured phase standard deviation obtained on repeated measurements of blank solution (when no analyte is present). In our sensor, LOD = 5 x 10 -7 RIU. These values for sensitivity and LOD show good performances of our sensors in comparison with other MZI platforms [16, 17] . 
Aflatoxin M1 Measurements
To perform sensing measurements on these sensors, we initially filled the microfluidic chamber with a buffer solution. In our case, the buffer solution was 50 mM MES buffer pH 6.6. We then injected 75 µL of a solution containing the targeted mycotoxin (AFM1 or Ochratoxin, which is another mycotoxin of similar molecular weight) at a known concentration in order to measure the evolution of the phase of the aMZI due to the capture of the toxin from the functionalized aMZI. Note that the functionalization aims at detecting AFM1 and not Ochratoxin, so this
